The Dzyaloshinskii-Moriya interaction (DMI), which only exists in noncentrosymmetric systems, is responsible for the formation of exotic chiral magnetic states. However, it is absent in most theoretical predictions and experiments for two-dimensional (2D) magnetic thin films so far. Here, using first-principles calculations, we demonstrate that significant DMI can be obtained in a series of Janus monolayers of manganese dichalcogenides MnXY (X/Y = S, Se, Te, X ≠ Y) with broken inversion symmetry. In particular, the DMI amplitudes of MnSeTe and MnSTe are comparable to those of state-of-the-art ferromagnet/heavy metal (FM/HM) heterostructures. We find that the DMI of these Janus monolayers is dominated by the heavy chalcogen atoms. In addition, atomistic spin simulations show that various chiral spin textures including spin helix and skyrmion can be stabilized without external field in the MnXY monolayers. The present results pave the way for new device concepts utilizing chiral magnetic structures in the emerging 2D ferromagnetic materials.
Introduction
Chiral magnetic structures such as domain walls [1, 2] , helical spirals [3, 4] and magnetic skyrmions [ 5 , 6 , 7 ] hold promise for potential applications in future spintronic devices.
Microscopically, the Dzyaloshinskii-Moriya interaction (DMI), which favors canted spin configurations, plays an essential role in the formation of these noncollinear magnetic nanostructures. For the presence of DMI, in addition to strong spin-orbit coupling (SOC) and magnetism, the system is required to have broken inversion symmetry [8, 9] , making certain class of materials special. Therefore, significant DMI typically arises in noncentrosymmetric bulk magnets [10, 11, 12] and at interfaces [13, 14] between a ferromagnet and an adjacent layer with strong SOC. Notably, much effort has been devoted to grow multilayer stacks of ferromagnet/heavy metal (FM/HM) heterostructures, e.g., Ir/Co/Pt [15] , Ir/Fe/Co/Pt [16] and Pt/Co/MgO [17] multilayers, in order to enhance the interfacial DMI [18] . Two-dimensional (2D) materials are fascinating class of materials because of their ultrathin atomic structure and novel physical properties [19] . Recently, the experimental progress has led to a breakthrough in the synthesis of the long-sought 2D magnets, which are first realized in the Cr2Ge2Te6 bilayer [20] and CrI3 monolayer [21] at low temperature, and then in the monolayers of VSe2 [22 ] , MnSe2 [23 ] and Fe3GeTe2 [24 ] around room temperature. The discoveries of these truly 2D magnets have opened up new opportunities for spintronic technology. However, most of the above 2D magnets are centrosymmetric such that the DMI is absent in these structures. It is possible to break the inversion symmetry by modifying the substrate, combing different 2D materials, applying a bias voltage or strain [25, 26] . However, the simplest and most desirable situation should be a 2D magnet with intrinsic breaking of inversion symmetry, intrinsic DMI and intrinsic chiral textures.
Recent experiments have demonstrated that Janus monolayers of transition metal dichalcogenides (TMD), e.g. MoSSe [27, 28] , can be synthesized by controlling the reaction conditions. The intrinsically broken inversion symmetry, together with the feasibility of tunable electronic properties by a selection of a suitable pair of chalcogen elements [29, 30, 31] in the Janus TMD monolayers, inspired us to speculate that large DMI can be obtained in the 2D magnetic Janus materials. With this conjecture, we investigate the structural and magnetic behavior of a series of Janus monolayers of manganese dichalcogenides MnXY (X/Y = S, Se, Te, X≠Y) with first-principles calculations. Strikingly, we find that the DMI in MnSeTe and MnSTe monolayers is as strong as those in state-of-the-art FM/HM heterostructures.
Furthermore, we perform atomistic spin simulations to show that various chiral spin textures including spin helix and magnetic skyrmions can be stabilized in these 2D magnets without external field.
Model and Method
Our first-principles calculations are performed within the framework of density functional theory (DFT) as implemented in the Vienna ab-initio simulation package (VASP) [32] . The electron-core interaction is described by the projected augmented wave (PAW) method [33, 34, 35] . The exchange correlation effects are treated with the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) [36] . In order to describe well the 3d electrons, we employ the GGA+U method [37] with an effective U = 2 eV for Mn as reported in the previous studies [38, 39] . The energy cutoff for plane wave expansion is set as 520 eV, and a Γ-centered 22×22×1 k-point mesh is adopted for the Brillouin zone integration. All the structures are fully relaxed until the force acting on each atom is less than 0.001 eV/Å. Phonon dispersions are calculated with a 4 × 4 × 1 supercell by using the PHONOPY code [40, 41] along with the density-functional perturbation theory (DFPT) [42] .
Results and discussions

Geometric properties and structural stability
As the Janus MnXY monolayers adopt the same crystal structure, we consider the structure of MnSeTe monolayers as representative of these thin films. From the top ( Fig. 1(a) ) and side Table I . The lattice constants of MnXY decrease as a function of the sum of X and Y atomic radii, and for a given MnXY monolayer, dX and θX is always smaller than dY and θY, respectively, due to the smaller atomic radius of X atom compared to that of Y.
Similar variation trends of structural parameters are also found in the nonmagnetic Janus TMD monolayers [29, 30, 31] . The asymmetry between the top and bottom layers in MnXY materials breaks the inversion symmetry, thus allowing the DMI interaction between the Mn ions, as we demonstrate in the following discussions.
To confirm the stability of Janus MnXY monolayers, we have calculated their phonon spectrum. The latter for MnSeTe ( Fig 
DMI, exchange and anisotropy
In order to explore the magnetic properties of Janus MnXY monolayers, we fit the following model Hamiltonian for the spins of Mn atoms in the hexagonal structure:
with the results of our DFT calculations. In Eq. (1) Si is a three-dimensional unit vector representing the orientation of the spin of the ith Mn atom, and <i, j> refers to nearest neighboring Mn atom pairs. The magnetic interactions including the DMI, the Heisenberg isotropic exchange, the anisotropic symmetric exchange and the easy axis single ion anisotropy are characterized by the parameters Dij, J, λ and K in the corresponding terms. The magnetostatic dipole-dipole interaction is neglected in the spin model since it is of minor importance in 2D systems [44] .
We first discuss the DMI, which is the most interesting parameter for this work. According to Moriya's symmetry rules [9] , since the reflection planes pass through the middle of the bonds comparable to many state-of-the-art FM/HM heterostructures, e.g., Co/Pt (~3.0 meV) [17, 45] and Fe/Ir(111) (~1.7 meV) [46] thin films that serves as prototype multilayer systems to host skyrmion states. Even for MnSSe with the weakest DMI among the investigated 2D magnets, the magnitude of d// (0.39 meV) is larger than that of the graphene/Co system (~0.16 meV), in which the DMI induced chiral domain walls have been reported recently [47] .
To elucidate the origin of the exceptional DMI in Janus MnXY monolayers, we plot their SOC energy associated with the DMI in Fig. 3 . One can see that in all MnXY monolayers the dominant contribution to the DMI stems from the adjacent heavy Y atom, especially the Te atom in MnSeTe and MnSTe. Similar behavior [45] has been identified for the FM/HM heterostructures, where the SOC energy source is dominated by the heavy 5d transition metal at the interfacial layer. This can be understood by considering that the heavy chalcogen atoms (5d transition metals in the FM/HM heterostructures) act as spin-orbit active sites to induce the spin-orbit scattering necessary for the DMI [9, 48] .
In table II, 
Spin textures from atomistic spin simulations
Once all the parameters in the spin Hamiltonian are determined from first-principles calculations, we can perform atomistic spin simulation to check whether it is possible to stabilize chiral spin textures in the MnXY thin films. Based on the Landau-Lifshitz-Gilbert (LLG) equation, we have relaxed from different nontrivial initial spin profiles (including helical state, random spin state, ferromagnetic state and a skyrmion profile in the ferromagnetic state) until the system is settled into global (or local) minima in the energy landscape. From such systematic exploration, we can capture as many equilibrium states as possible for each simulated thin films. Our simulations are an exploration of the possible textures at T = 0 and the investigation of the T-dependence of their stability is not in the scope of the present paper.
In our simulations, a large supercell of 120×120×1 unit cells with periodic boundary conditions is used in order to avoid the non-universal effects of boundary conditions.
Our simulations immediately reveal that various exotic magnetic structures can be realized in the MnXY monolayers after relaxing from different initial states. The total energy of different spin textures at zero-temperature are listed in Table S1 [43]. For instance, we find that the ground states of MnSeTe and MnSTe monolayers are helical states induced by the competition between the DMI with the Heisenberg exchange interaction and the magnetocrystalline anisotropy, and having the chirality fixed by the DMI. We show in Fig. 4(a) an example of such a helical state for MnSeTe. More interestingly, in the MnSeTe and MnSTe monolayers, just at an energy slightly above that of the helical state, a skyrmion can also be stabilized as a metastable state, that is the type of metastable skyrmion state usually called "isolated skyrmion" or "individual skyrmion" and used in applications [51] . As an example, Fig. 4(b) shows a Néel type skyrmion state with a small radius of ~2.6 nm inside the helical texture of a MnSeTe monolayer. It is interesting to note that the presence of skyrmions enlarges the period of the helix in such metastable states. It is also important to notice that our skyrmions are stable in zero field in contrast to the situation in many magnetic compounds [6, 7] and FM/HM heterostructures [15, 16, 17] in which a magnetic field is needed to stabilize the skyrmion phase.
For MnSeTe, we also find that a skyrmion survives when the system relaxes from an initial state including a skyrmion in a ferromagnetic state and forms a metastable state at an energy slightly above the energy of the FM state. In addition, in MnSeTe, it turns out that the ferromagnetic state becomes the ground state instead of the helical state in magnetic field of about 0.4 T.
These results pave the way for new device concepts utilizing chiral magnetic structures in the emerging 2D ferromagnetic materials. In a further work, it will be interesting to study the effect of temperature and, in addition, to see how some changes of the structure and parameters can lead to skyrmions in a ferromagnetic ground state for all systems.
Conclusions
In summary, we have used first-principles calculations to demonstrate that strong DMI can be obtained in the Janus MnXY monolayers with broken inversion symmetry. We find that the strong DMI stems from the large SOC in the heavy chalcogen atoms. The atomistic spin simulations show that the ground state for MnSeTe and MnSTe is the helical state. Moreover, very small size skymions can be stabilized without external magnetic field in the MnSeTe and MnSTe monolayers.
As compared with FM/HM multilayers that are fabricated with stacks of different materials to enhance the DMI and generate skyrmions, using a single 2D material as the MnXY monolayers is a simpler situation and can probably be beneficial for a low density of defects.
Moreover, other 2D materials can be integrated with the MnXY monolayers realized as van der Waals heterostructures [19, 52] for the electrical manipulation of skyrmions. Actually, from theoretical calculations by Gmitra et al. [53] , the proximity of graphene with TMDs can induce a large spin splitting of the Dirac cone of graphene with creation of Rashba-like Fermi contours.
The Edelstein effect [54 ] of such Rashba-like 2D electron gases could be used to inject a vertical spin current into the skyrmions and move them [51] . Altogether, our calculation results suggest that the Janus MnXY monolayers are good candidates for spintronic nanomaterials and nanodevices. The inset shows a zoom of the isolated skyrmion.
